The extracellular matrix (ECM) molecules play important roles in many biological and pathological processes. During tissue remodeling, the ECM molecules that are glycosylated are different from those of normal tissue owing to changes in the expression of many proteins that are responsible for glycan synthesis. Vitronectin (VN) is a major ECM molecule that recognizes integrin on hepatic stellate cells (HSCs). The present study attempted to elucidate how changes in VN glycans modulate the survival of HSCs, which play a critical role in liver regeneration. Plasma VN was purified from partially hepatectomized (PH) and sham-operated (SH) rats at 24 h after operation and nonoperated (NO) rats. Adhesion of rat HSCs (rHSCs), together with phosphorylation of focal adhesion kinase, in PH-VN was decreased to one-half of that in NO-or SH-VN. Spreading of rHSCs on desialylated NO-VN was decreased to one-half of that of control VN, indicating the importance of sialylation of VN for activation of HSCs. Liquid chromatography/multiple-stage mass spectrometry analysis of Glu-C glycopeptides of each VN determined the site-specific glycosylation. In addition to the major biantennary complex-type N-glycans, hybrid-type N-glycans were site-specifically present at Asn 167 . Highly sialylated O-glycans were found to be present in the Thr 110 -Thr 124 region. In PH-VN, the disialyl O-glycans and complex-type N-glycans were decreased while core-fucosylated N-glycans were increased. In addition, immunodetection after two-dimensional PAGE indicated the presence of hyper-and hyposialylated molecules in each VN and showed that hypersialylation was markedly attenuated in PH-VN. This study proposes that the alteration of VN glycosylation modulates the substrate adhesion to rat HSCs, which is responsible for matrix restructuring.
The extracellular matrix (ECM) 2 surrounding cells plays an important role in many biological and pathological processes, including inflammation, tissue remodeling, and invasion by cancer cells (1) . ECM is composed of many kinds of adhesive glycoproteins that regulate cellular signaling, motility, and proliferation (1) . During tissue remodeling, the glycoconjugates synthesized by cells are different from those of normal tissues owing to the changes in the expression of many proteins that are responsible for glycan synthesis, such as glycosyl transferases, glycosidases, and transporters (2) . There is increasing evidence that glycosylation post-translationally modulates biological phenomena by altering the activity and specificity or controlling the stability of various glycoproteins through biosignaling functions of oligosaccharides (2) .
Vitronectin (VN) is a multifunctional glycoprotein that originates mainly in hepatocytes and circulates in the blood stream at high concentrations (0.2 mg/ml in humans) (3) . Most VN in normal plasma is in an inactive monomer form that does not bind to various ligands. VN acquires these binding activities in vitro on treatment with urea or heating through a conformational transition of the native inactive form to an active form. Corresponding activation is considered to occur in vivo in the presence of heparin or through the formation of VN complexes such as VN-thrombin-AT-III, VN-terminal complement proteins, and VN-type-I plasmingen activator inhibitor, whereas VN is considered to exist in active multimeric tissue forms when deposited in the ECM.
VN plays a crucial role in regulating the humoral immune system and blood coagulation through binding to complements and interaction with heparin and anti-thrombin III complexes, respectively (4, 5) . VN is also present as an ECM component in the liver, as well as various other organs, including skeletal muscle, kidney, and brain (6, 7) . VN regulates pericellular proteolysis during tissue remodeling and fibrinolysis through binding * This work was supported in part by Japan Society for the Promotion of Science Grant 12995 (to K. S.), a fellowship of the Hayashi Memorial Foundation for Female Natural Scientists (to K. S.), and Grants-in-aid for Scientific Research on Priority Areas 15040209 and 17046004 (to H. O.) from the Ministry of Education, Culture, Sports, Science, and Technology. □ S The on-line version of this article (available at http://www.jbc.org) contains supplemental Fig. 1 . 1 To whom correspondence should be addressed: Graduate School of Humanities and Sciences, Ochanomizu University, 2-1-1 Otsuka, Bunkyoku, Tokyo, 112-8610 Japan. with type-1 plasminogen activator inhibitor, urokinase-type plasminogen activator, and urokinase receptor (3, (7) (8) (9) . Besides this function, VN plays a key role in cell adhesion and cellular motility during tissue remodeling through binding to major ECM receptors, integrins such as ␣v␤1, ␣v␤3, ␣v␤5, ␣v␤6, and ␣v␤8, and other ECM components like collagen and proteoglycans (3). Therefore, VN simultaneously modulates cell behavior and pericellular proteolysis in the ECM during tissue-remodeling processes.
The liver has a strong capacity to regenerate, and partial hepatectomy is often used to study liver regeneration mechanisms, but many aspects of this complex mechanism are unknown, especially the regulation of each ECM glycoprotein activity by glycosylation. In our preceding study, we showed that both the N-glycosylation sites (10) and the N-glycan structures are well conserved among mammalian VNs (11) (12) (13) , and several important ligand-binding activities of VN were found to be significantly affected by changes in VN N-glycosylation in vitro (14) .
Further study demonstrated that multimerization of rat VN increases during liver regeneration after partial hepatectomy and that increases in the collagen-binding activity are synchronized with the glycan changes in vivo (15) . The molecular mass of VN purified from partially hepatectomized (PH-VN) rats at 24 h had shrunk to 65 kDa compared with the 68 -69 kDa of VNs from sham-operated (SH) and non-operated (NO) rats. The reduction of molecular mass was due to a decrease in the carbohydrate concentration of PH-VN, which was two-thirds that of SH-VN and one-third that of NO-VN (15) . Because increased multimerization and enhanced collagen binding were induced by enzymatic desialylation of VN, the marked increase in collagen-binding activity was attributable to the increased multimerization induced by glycosylation alterations during liver regeneration after partial hepatectomy of rats (16, 17) . We subsequently determined the details of the glycan structures of fibronectin synthesized in the early stage of liver regeneration (18) .
The present study attempted to determine the structure and changes of rat VN glycans during liver regeneration with a particular focus on the relationship between hepatic stellate cell (HSC) adhesion and the glycosylation of VN. Because HSCs are the major source of the newly synthesized ECM during hepatic fibrosis, survival or apoptosis of HSCs is critical for the development or resolution, respectively, of liver fibrosis in chronic liver diseases (19) . The present findings provide novel insight into the significance of VN glycosylation in regulating HSC survival during tissue remodeling.
EXPERIMENTAL PROCEDURES
Materials-Rat VNs were purified from plasma by twostep heparin affinity chromatography before and after urea treatment as described previously (20) . Neuraminidase (Vibrio cholerae) and recombinant peptide-N4-(N-acetyl-␤-Dglucosaminyl)asparagine amidase from Flavobacterium meningosepticum (PNGase F) were purchased from Roche Diagnostics (Mannheim, Germany). Unconjugated rabbit anti-human VN IgGs and horseradish peroxidase (HRP)-conjugated sheep anti-rabbit IgGs were purchased from The Binding Site (Birmingham, UK). Biotinylated Sambucus nigra agglutinin was prepared in our laboratory as previously described (21) . Monoclonal antibody S2-566 was prepared as described previously (22) . rHSCs were provided by Dr. M. Sato (Akita University, Akita, Japan).
Animals-Male Wistar rats aged 5 weeks (weighing ϳ110 g, Nihon Clea, Tokyo) were maintained at a constant temperature (23.5°C) for 12 h in light (6:00 am to 6:00 pm) and dark. Twothirds partial hepatectomy was performed under diethyl ether anesthesia as described previously (23) . Sham-operated rats were anesthetized and operated on in the same way as partially hepatectomized rats, except that the liver was not resected. Plasma samples were collected at 24 h after operations and stored at Ϫ80°C until use.
Glycosidase Digestion of VN-Enzymatic deglycosylation of VN was performed as described previously (15) . For desialylation, VN (32 g/200 l) was dialyzed against 50 mM acetate buffer containing 4 mM CaCl 2 (pH 5.5) and treated with neuraminidase (0.001 unit) at 37°C overnight. For de-N-glycosylation, VN (32 g/200 l) was dialyzed against 10 mM phosphate buffer (pH 7.5) containing 0.13 M NaCl and 5 mM EDTA and digested with PNGase F (0.2 unit) at 37°C for 48 h. For controls, the procedures were performed without the enzymes. The treated VNs were dialyzed against Tris-buffered saline (10 mM Tris-HCl (pH 7.5) containing 0.14 M NaCl). Desialylation or de-N-glycosylation was ascertained by both the behavior on SDS-PAGE and the loss of reactivity with biotinylated S. nigra agglutinin on Western blotting.
Cell Spreading and Focal Adhesion Kinase Phosphorylation Analysis-rHSCs were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum. For cellspread analysis, wells of 96-well tissue culture plates were precoated with 0 -10 g/ml VNs. We previously demonstrated that the coating efficiency of VN to the well did not differ in the concentration range examined (15) . rHSCs (1 ϫ 10 5 cells) were placed in wells in 100 l of adhesion medium (150 mM NaCl, 3 mM KCl, 0.5 mM MgCl 2 , 6 mM Na 2 HPO 4 , 1 mM KH 2 PO 4 , and 1 mM CaCl 2 , pH 7.3). After incubation for various times at 37°C in 5% CO 2 , the cells were fixed in 12% (w/w) formaldehyde for the adhesion assay. Cell-spreading activity was quantified by determining the ratio of the number of spreading cells to the total number of cells in 3 microscope fields/well. For the focal adhesion kinase (FAK) phosphorylation assay, the cells were washed with ice-cold phosphate-buffered saline (10 mM phosphate buffer (pH 7.5) containing 0.13 M NaCl), lysed in lysis buffer (100 mM Tris-HCl, pH 7.5, 1% Triton X-100, 1% EDTA, 10% glycerol, and 1/100 (v/v) phosphatase inhibitor mixture II (Sigma) and Complete Mini EDTA-free protease inhibitor mixture tablets (1 tablet/150 ml), Roche Diagnostics) on ice, and centrifuged at 15,000 rpm for 20 min at 4°C. The supernatants were collected and subjected to SDS-PAGE, followed by blotting onto polyvinylidene difluoride membrane. The membrane was blocked with 5% skim milk and incubated with HRP-conjugated mouse monoclonal anti-phosphotyrosine IgG, PY20 (Abcam, Cambridge Science Park, UK), anti-FAK IgG, sc-558 (Santa Cruz Biotechnology, Santa Cruz, CA) or anti-␤-actin IgG antibodies for 1 h each, and detection was performed by using ECL-Plus according to the manufacturer's instructions.
Reduction and S-Carboxymethylation of VNs-Each VN (50 g) was dissolved in 270 l of 0.5 M Tris-HCl buffer (pH 8.5) containing 8 M guanidine hydrochloride. After the addition of 2 l of 2-mercaptoethanol, the mixture was incubated at room temperature for 2 h. Then, 5.67 mg of sodium iodoacetate was added, and the resulting mixture was incubated at room temperature in the dark for 2 h (24). The reaction mixture was applied to a PD-10 column (Amersham Biosciences) to remove the reagents, eluted by 10 mM TrisHCl (pH 8.0), and concentrated to 1 ml in a SpeedVac. Reduced and carboxymethylated VNs were incubated with 2.5 g/l endopeptidase Glu-C overnight at 37°C. The digested samples were completely dried and used for site-specific glycosylation analysis.
Site-specific Glycosylation Analysis of Glu-C-digested VNs-Glu-Cdigested VNs were analyzed by LC/ ESI-MS n . LC/ESI-MS n was carried out using on a Paradigm MS 4 system equipped with a Magic C18 column (0.2 ϫ 50 mm, Michrome BioResources, Auburn, CA) connected to an LTQ ion trap mass spectrometer (Thermo Fisher Scientific, Waltham, MA). The eluants consisted of water containing 2% (v/v) acetonitrile and 0.1% (v/v) formic acid (pump A) and 90% acetonitrile and 0.1% formic acid (pump B). Glu-C-digested samples of VNs were eluted with 5% B for 10 min, followed by a linear gradient from 5% to 65% of pump B in 40 min at a flow rate of 3 l/min. Mass spectra were recorded with sequential scans: a full MS scan (m/z 300 -2000) by ion trap mass spectrometry in positive ion mode, followed by data-dependent MS 2 and MS 3 for the most abundant ion, and a scan (m/z 300 -2000) by ion trap mass spectrometry in negative ion mode, followed by data-dependent twostage mass spectrometry (MS 2 ) and three-stage mass spectrometry (MS 3 ) for the most abundant ion. The ESI voltage was set at 1.8 kV, and the capillary temperature was 200°C.
Pyridylamination of VN GlycansVNs (50 g) were reduced and S-carboxymethylated as described above. The N-linked oligosaccharides were released with PNGase F (8 units) (10) and fluoresceinated with 2-aminopyridine (ϭ d0-AP) or hexadeuterium-labeled 2-aminopyridine (d6-AP) as described previously (25) . The pyridylaminated (PA-) oligosaccharides were desalted using an ENVI-Carb C column (Supelco Co., Ltd., Bellefonte, PA) and subjected to LC/MS n . Analysis of PA-oligosaccharides by Mass Spectrometry-PAoligosaccharides of VNs were analyzed by LC/MS n . LC/MS was performed using a Fourier transform ion cyclotron resonance/ ion trap mass spectrometer (LTQ-FT, Thermo Fisher Scientific) connected to a Magic 2002 high-performance liquid chromatography system (Michrom BioResource). The eluants were 5 mM CH 3 COONH 4 (pH 9.6)-2% CH 3 CN (pump A) and 5 mM CH 3 COONH 4 (pH 9.6)-80% CH 3 CN (pump B). The PA-Nlinked oligosaccharides were separated on a Hypercarb column (0.2 ϫ 150 mm, Thermo Fisher Scientific) with a 10 -45% linear gradient of eluant B in 60 min at a flow rate of 2 l/min. Mass spectra were recorded with sequential scans: a full MS scan (m/z 800 -2000) by Fourier transform ion cyclotron resonance/ ion trap mass spectrometry in positive ion mode, followed by data-dependent MS 2 , MS 3 , and MS 4 scans for the most abundant ion. The ESI voltage was set at 2.0 kV, a capillary temperature of 275°C, resolution of Fourier transform ion cyclotron resonance/ion trap mass spectrometry of 50,000, and collision energy of 25% for MS n experiments. Two-dimensional Gel Electrophoresis-A pH 4 -7 ReadyStrip IPG Strip (18 cm, Bio-Rad) was soaked in 5 ml of pH-gradient isoelectric focusing lysis buffer containing 1.8 g of urea, 100 l of Pharmalyte 3-10 (Amersham Biosciences), 2.5 mM acetic acid, and 0.0025% orange G (Sigma). VNs (5 g dialyzed against 10 mM Tris-HCl (pH 7.5)) were applied to the strip and isoelectrically focused using a CoolPhoreStar pH-gradient isoelectric focusing device (Anatech, Tokyo, Japan). The voltage was 500 V for the initial 120 min, 700 V for the following 60 min, followed by gradually increasing voltage for 60 min each at 1000, 1500, 2000, 2500, 3000, and finally 3500 V overnight at 20°C. After the pH-gradient isoelectric focusing, the strip was equilibrated with 5 ml of SDS-equilibration buffer containing 0.9 g of urea, 0.01 M Tris (pH 6.8), 1% (v/v) SDS, 30% (v/v) glycerol, and 0.0125% bromphenol blue for 30 min. Two-dimensional separation was carried out by SDS-PAGE using 7.5% polyacrylamide gels (18 ϫ 18 cm). SDS-PAGE gels were transferred to a polyvinylidene difluoride membrane and immunostained using sheep anti-VN IgGs (Binding Site Ltd.) or S2-566, an anti-oligosialic acid monoclonal antibody, and HRP-conjugated secondary antibodies. Membranes were developed with ECL-Plus (Amersham Biosciences).
RESULTS

Effects of Glycosylation of VNs on Cell Spreading-VN
induces cell spreading through ␣v␤3 and ␣v␤5 integrins (26) . Previously, we found a reduction of molecular mass of PH-VN due to a decrease in the carbohydrate concentration (15) . In this study, NO-, SH-, and PH-VNs were purified from each plasma, and the effects of the changes in VN glycosylation on the cell spreading were observed by using rHSCs. The effect of PH-VN on rHSC spreading was found to be decreased to one-half of that of NO-or SH-VN (Fig. 1A) . rHSC spreading was also decreased on neuraminidase-treated VN compared with untreated VN (Fig. 1B) , whereas it was decreased less on de-Nglycosylated NO-VN (Fig. 1C) . The time dependence analysis showed a gradual decrease in the rate of cell spreading on PH-VN, whereas that on neuraminidase-treated VN was significant with a shorter incubation (Fig. 1D) . These results indicate the importance of glycosylation, particularly sialylation, of VN in rHSC spreading. The effect of de-N-glycosylation was small compared with that of desialylation (Fig. 1B) , because many sialic acid residues still remained on the O-glycans after PNGase F-treatment. In addition, PNGase F converts asparagine to aspartate, which may reduce the effect of the decrease of the negative charge of sialic acids. Because a clear difference between de-N-glycosylated and non-treated samples in cell spreading was still observed (Fig. 1C) , suggesting the contribution of N-glycans to some extent, it cannot be concluded from this result that O-glycans contribute more to the decreased rHSC spreading activity of PH-VN than N-glycans do.
Tyrosine Phosphorylation of FAK-To address the effects of glycosylation of VN on integrin-mediated signaling, FAK of rHSCs was compared among NO-, SH-, and PH-VN. As shown in Fig. 2 , the amount of phosphorylated FAK on PH-VN was decreased proportional to cell spreading. These results suggest that the change in the glycosylation of VN due to partial hepatectomy is able to regulate activation of the integrin-mediated signaling pathway. In addition, the phosphorylated FAK on neuraminidase-treated NO-VN was decreased to a similar extent to that on PH-VN, whereas the total amounts of FAK were almost unchanged among all the VNs tested. Combined, the results indicate that the increased multimerization of VN decreased the FAK phosphorylation in rHSCs.
Site-specific Glycosylations of Rat VN-NO-, SH-, and PHVNs were S-carboxymethylated, followed by digestion with Glu-C. The digested samples of VNs were analyzed by LC/ESI-MS n . Identification of the peptide moieties of glycopeptides was based on the m/z values of peptide-related ions observed by MS 2 and MS 3 , as described previously (27) . spectrum of a Thr 110 -Glu 128 peptide combined with sialylated O-glycans (m/z 1687.7) (Fig. 3, A and B (Fig. 3D) region, the highly sialylated glycans were detected in the negative ion mode spectrum (Fig. 3A) , and the analysis in positive ion mode revealed that a Hex-HexNAc unit was located in the inner region of the glycans (Fig. 3B) . From the results of lectin reactivity (15) , it was inferred that one to three sialylated core-1 type molecules was attached. The mass spectra acquired from NO-VN and PH-VN suggested a decrease in the O-glycosylation on the peptide due to partial hepatectomy (see supplemental Fig. 1) . The most frequent N-glycan structures site-specifically found for each site are shown in Fig. 4 . At Asn 86 , Asn 96 , and Asn 240 , biantennary complex-type trisialoglycans with or without core fucosylation and with different amounts of O-acetylated NeuNAc were deduced (Fig. 4) , whereas biantennary hybrid-type N-glycans were found to be the major structures at Asn 167 . The MS 3 of the fragment ion at m/z 1421.19 (MS 2 ) from MS of m/z 1629.36 at 41 min is shown in Fig. 3D .
Quantitative Analysis of N-Linked Glycans of Rat VNs-Pyridylaminated (PA) N-glycans from NO-, SH-, and PH-VNs were analyzed by LC/MS n for relative quantification. The predicted N-glycan structures of NO-VN and each ionic intensity are shown in Fig. 5 (A and B) . Besides the major biantennary complex-type structure, triantennary complex and hybrid structures were detected. No significant change in the structural variation of the N-glycans was found among NO-, SH-, and PH-VNs (data not shown).
The N-glycans released from equal amounts of each VN were tagged with d0-or d6-AP, and the PA-oligosaccharides from both kinds of the three VNs were co-injected into LC/MS as described previously (25) to estimate the change in the amount of each N-glycan structure. The ionic intensities of each glycan were compared and are shown in Fig. 5C . In the hybrid-type N-glycans, Hex6HexNAc3NeuNAc1, Hex5HexNAc3NeuNAc2, and Hex6HexNAc3NeuNAc2 (Hex: hexose, HexNAc: N-acetylhexosamine, NeuNAc: N-acetylneuraminic acid, the number of each monosaccharide in the glycan is shown following the abbreviation) increased in PH-VN compared with SH-VN, as shown on the left side of Fig. 5C . The fucosylation ratios were remarkably increased, whereas glycosylation was decreased in all PH-VN compared with that of NO-VN, as shown in the center of Fig. 5C , in accordance with the results of examinations of carbohydrate compositions and reactivity with lectins described previously (15) . Rat VN contained trisialobiantennary complex glycans with or without core fucosylation as the most common N-glycans, and disialobiantennary complex and hybrid glycans were also included as major components; on the last point, VN is different from rat plasma fibronectin (18) .
Change in Isoelectric Points and Oligosialylation of VNWe previously showed that rat plasma VN has a diNeuAc structure that is remarkably decreased 24 h after partial hepatectomy according to chemical analysis and immunoreactivity (22) . Highly sialylated O-glycans (Figs. 3D and 4) , which were markedly decreased in PH-VN, are likely to have a diNeuAc structure that affects the isoelectric points of VNs. Immunostaining of VNs after two-dimensional PAGE showed that each VN has two components, pI 4.0 and 5.7 in NO-VN, that both shifted to higher pI, pI 4.3 and 6.0 in SH-VN, and further to pI 4.6 and 6.0 in PH-VN (Fig. 6, A-C) . The pI of NO-VN was converted to one basic point, pI 6, after neuraminidase treatment (Fig. 6D) , and only the more acidic component of pI 4.1 reacted with mAb S2-566, which specifically recognizes the Neu5Ac␣2,8Neu5Ac␣2,3Gal structure (22) (Fig. 6E) . Comparing PH-VN to SH-VN, the shift to a higher pI of the acidic component was more remarkable than that of the more basic component. These results clearly indicate that sialylation decreased the most in PH-VN and to a lesser extent in SH-VN and that the decrease of oligosialylation was particularly remarkable in PH-VN.
DISCUSSION
This study showed for the first time that adhesion and spreading of rHSC and FAK phosphorylation were concomitantly suppressed on PH-VN (Fig. 1) , indicating that integrin VN (n ϭ 3) . C, the ionic intensities of each glycan of the PH-, SH-, and NO-VNs were compared. Relative ratios of each glycan are expressed by taking that of NO-VN as 1 (n ϭ 2). Open bar, SH/NO; solid bar, PH/NO; dotted bar, PH/SH. FIGURE 6. Two-dimensional PAGE and Western blotting of VNs. The first electrophoresis was isoelectric focusing. The second electrophoresis was SDS-PAGE under reducing conditions on 7.5% polyacrylamide gel, followed by blotting onto a polyvinylidene difluoride membrane and immunostaining using sheep anti-VN IgGs (A-D) or the anti-oligosialic acid monoclonal antibody S2-566 (E), and HRP-conjugated secondary antibodies as described in the text. Membranes were developed with ECL-Plus.
signaling was attenuated through interaction with PH-VN. Enzymatic desialylation of VN decreased the rHSC-spreading activity (Fig. 1B) , suggesting that the decrease in PH-VN activity was caused by decreased sialylation (Figs. 1 and 2) . At 24 h after operation, most PH-VN is considered to have been synthesized in the early stage of liver regeneration after partial hepatectomy, because the half-life of VN in the blood circulation is about 8 h (28). In support, the structures and changes of rat VN glycans during liver regeneration after partial hepatectomy were elucidated. Rat VN has a site-specific hybrid-type N-glycans at Asn 167 and a highly sialylated O-glycan in the Thr 110 -Thr 124 region. In PH-VN, the ratios of fucosylation of N-glycans and hybrid-type glycans were increased compared with SH-VN (Fig. 5) , whereas sialylation was remarkably decreased (Fig. 6) .
As described above, the changes in glycosylation of postoperative VNs can modulate the survival, activation, and proliferation of HSCs during liver regeneration, because substrate adhesion and spreading are prerequisites for activation and proliferation of HSCs. HSCs are the major source of the newly produced ECM that accumulates in fibrotic liver. Activation of HSCs is therefore responsible for the development of liver fibrosis in chronic liver diseases of all causes, whereas extensive HSC apoptosis coincident with the degradation of ECM occurs during the resolution of fibrosis (19) . Therefore, the clearance of unbound HSCs by apoptosis may allow the recovery from liver injury and reversal of liver fibrosis. The fate of stellate cells was reported to be influenced by ECM through ␣v␤3 integrin (26), which is a major receptor for VN, followed by activation of FAK, which binds to Src family kinases and other intracellular signaling molecules, to trigger multiple downstream pathways to regulate cell survival (29) . Our findings suggest that the removal of sialic acid from VN suppresses the activation of stellate cells, indicating the possibility of a new treatment or method of prevention for liver cirrhosis.
The mRNA level of VN was reported not to change after partial hepatectomy and sham operation (30) . We found that plasma VN obtained from PH rats had low carbohydrate concentrations, suggesting that PH-VN was less glycosylated (15) . The decreased N-glycosylation of VN at 24 h after partial hepatectomy could be attributed to the attenuation of the oligosaccharide transferase activity in microsomes (31, 32) , which also causes the decrease of total glycoprotein synthesis in regenerating liver (33) . In the early stage after partial hepatectomy, amounts of several kinds of fucosylated glycoprotein were reported to increase (34) . Additionally, fucosyltransferase activity was reported to be increased during liver regeneration in hepatobiliary disease (35) . In this study, core-fucosylated N-glycans in VN markedly increased after partial hepatectomy (Fig. 5) . The observation of such changes of VN glycosylation after partial hepatectomy is consistent with the reported changes of related enzyme activities. On the one hand, we reported that rat VN is modified by disialic acid (22) , the presence of diNeuAc structures was described in some glycoproteins more than three decades ago (36) , and neural cell adhesion molecules have been very thoroughly studied (2) . Changes in the expression of the oligosialic epitope on serum glycoproteins under inflammatory conditions were also reported (37, 38) . The fact that diNeuAc in PH-VN was decreased compared with that in NO-VN indicates that the inflammation caused by partial hepatectomy reduces the amount of diNeuAc on VN, although inflammation caused by turpentine oil does not change the disialylation level in serum (22) . In this study, we found that the sialylation of VN plays an important role in rHSC spreading (Fig. 1) . The analysis of isoelectric points showed that the oligosialic acid on the O-glycan significantly affects the pI of acidic PH-VN fraction (Fig. 6) . In addition to the decrease of oligosialyl epitopes in PH-VN, the undersialylation of both Nand O-glycans was found in the basic PH-VN fraction (Fig. 6) . These results indicate that the decreased sialylation plays a key role in regulating the function of VN in liver regeneration.
As for the biological significance of the changes in glycosylation, including sialylation, we previously reported that the collagen-binding activity of VN increased coincident with the increase of the multimerization state (16) . It is presumed that the decrease of intermolecular electrostatic repulsion of polyanions on oligosialic acid contributes to promotion of multimerization of VN. The oligosialic O-glycosylation site is localized in a region that has been suggested to undergo a conformational change to allow exposure accompanying the activation, followed by multimerization of VN (39) . The enhanced collagen binding of VN may contribute to fibrogenesis and tissue degradation in combination with the concentration of tissue lytic factors that are associated with VN.
This study proposes that the alteration of glycosylation of PH-VN is very significant in the modulation of the adhesion of HSCs, which is a key step to matrix restructuring. In this context, understanding the modulation of glycans on VN may contribute to the development of a strategy to regulate matrix deposition in liver cirrhosis. Further studies will focus on the regulation of rHSC activation, proliferation, and apoptosis due to glycosylation of VN and elucidation of the molecular mechanisms of liver regeneration from the viewpoint of alterations in glycosylation of ECM.
